Schizophrenia is regarded as a disorder of connectivity associated with neurodevelopmental abnormality.
Introduction
Schizophrenia is regarded as a disorder of connectivity associated with neurodevelopmental abnormality. 1 Despite accumulating evidence for disturbances in functional connectivity, 2 it is unclear how these findings are related to defective cortical development.
Developmental aberrations can affect several characteristic anatomic features of the grey matter surface. Cortical development is constrained by the need to develop a cost-efficient wiring scheme wherein signal transmission is quick and effective 3 and by the limitations on the total brain size partly to facilitate parturition. 4, 5 This is facilitated by a substantial expansion of surface area along with a high degree of cortical folding despite a relatively minor gain in cortical thickness during evolutionary development. 6 This remarkable dissociation between thickness and surface area persists in adult human brains. 7 Axonal connections in the developing brain are considered to be one of several factors that influence the morphology of the cortical surface. 8 In particular, a widely accepted model of cortical morphogenesis suggests that the appearance of cortical convolutions is dependent on the underlying neuronal connectivity. 9 Disturbances in regional cortical gyrification can be a surrogate marker for disruptions in neuronal connectivity during development. 9, 10 Most studies examining neuroanatomical changes in patients with schizophrenia have employed voxel-based morphometry (VBM) and report consistent volume reduction bilaterally in the insula and anterior cingulate cortex (ACC). Compared with the number of studies investigating volumetric defects, relatively few studies have attempted to locate gyrification defects within the entire cortex in patients with schizophrenia (see White and Hilgetag 10 for a detailed review). Most previous investigations have quantified differences in gyrification at preselected regions of interest (ROI), especially the cingulate 11, 12 and the prefrontal cortex. [13] [14] [15] As a result, unlike the robust evidence localizing volumetric changes in patients with schizophrenia to the insula, the spatial distribution of focal gyrification abnormalities in these patients is currently unclear. If widespread abnormalities are present, this might reflect a deviation of the neurodevelopmental processes that produce gyrification; abnormalities confined to specific pathways might indicate a more focal defect that affects regions that are mutually connected. In particular, the insula is a region of specific interest while investigating cortical folding in patients with schizophrenia, not only owing to its relevance to the illness, 16 but also because it has been shown to be one of the earliest brain regions where gyrification occurs, [17] [18] [19] with an accelerated growth rate compared to the surrounding cortical plate during fetal development. 20 The search for the brain region with the most prominent gyrification defect in patients with schizophrenia is hampered by several methodological issues. 21 Zilles and colleagues' gyrification index (the ratio between the inner folded contour and the outer curvature), 22 though commonly used, 10 does not capture the regional changes associated with subtle deviations in cortical connectivity. Its use is further limited by 2-dimensional slices whose orientation and thickness could bias the measurements, leading to inconclusive results.
To address these issues, we undertook a blinded automated assessment of gyrification in multiple vertices across 3-dimensionally reconstructed cerebral surfaces in a sample of 98 individuals. In the same sample, we have previously reported abnormal frontal gyrification using an ROI approach to test the specific hypothesis of lateralized changes in prefrontal gyrification, 23 as the laterality and the location of hypergyria within the prefrontal cortex were controversial. For that study we used an ROI analysis, as it has much greater power than a vertex-based examination of the entire cortical surface and hence is the preferred method for addressing a specific a priori hypothesis regarding a spatially localized abnormality. In the present study we analysed the entire cortical surface using a vertex-based approach. On account of the need for stringent correction for multiple comparisons when undertaking a whole brain search, this study has much less statistical power and hence would only be anticipated to detect regions with a large effect size of between-group differences. Nonetheless, this method offers the possibility of determining whether or not substantial abnormalities of gyrification occur in multiple brain regions in patients with schizo phrenia. Further, to investigate whether cortical thinning was associated with the pathogenetic processes resulting in abnormal gyrification, we also studied the cortical thickness in regions showing gyrification abnormalities in patients with schizophrenia.
Methods

Participants
A detailed description of the sample and imaging procedures has been reported in our previous study of cortical area in patients with schizophrenia 24 and in a study examining lateralized changes in frontal lobe gyrification. 23 Briefly, the sample consisted of 57 patients (50 men) satisfying DSM-IV cri ter ia for schizophrenia and 41 healthy controls. The North Nottinghamshire Research and Ethics Committee (REC) approved the study, and all participants provided written informed consent. Clinicians in community mental health teams, including the early intervention in psychosis teams, initially referred the patients for this study. The responsible clinicians confirmed that the patients were capable of giving informed consent, and written consent was obtained following the procedure approved by the REC. The diagnosis of schizophrenia was made in a clinical consensus meeting in accordance with the procedure of Leckman and colleagues, 25 ). All patients were in a stable phase of schizophrenia (defined as a change of no more than 10 points in their Global Assessment of Function [GAF, DSM-IV]) score, assessed 6 weeks prior to and immediately before study participation), and the mean duration of illness was 4.3 years. Individuals with neurologic disorders, current substance dependence, IQ less than 70 using Quick Test 27 and diagnosis of any other Axis I disorder were excluded. All patients were receiving treatment with antipsychotics and had no change in their prescriptions in the 6 weeks preceding the study. The average dose in chlorpromazine equivalents was 288.7 mg (range 100-1200 mg). Patients with schizophrenia were interviewed on the same day of the scans, and symptom scores were assigned according to the SSPI. 26 Healthy controls were recruited from the local community via advertisements and included 41 individuals (39 men) free of any psychiatric or neurologic disorder, group-matched for age and parental socioeconomic status (measured using National StatisticsSocio Economic Classification 28 ) to the patient group. Controls had similar exclusion criteria to patients; in addition, individuals with personal or family history of psychotic illness were excluded. A clinical interview by a research psychiatrist was employed to ensure that the controls were free from current Axis I disorders and history of either psychotic illness or neuro logic disorder. From the original sample of 42 controls, 1 person was excluded owing to a movement artifact in the magnetic resonance imaging (MRI) scan that precluded volumetric computations.
Image acquisition
The MRI scans were collected using a Philips 3-T imaging system equipped with an 8-channel phased array head coil. The scanning protocol included a single high-resolution 3-dimensional T 1 -weighted magnetization-prepared rapidacquisition gradient echo (MPRAGE) volume with 160 slices of isotropic voxel size 1 × 1 × 1 mm 3 , flip angle 8°, field of view 256 × 256 × 160 mm 3 . Head motion was minimized using cushion pads and by providing reassurance at the beginning of the procedure. A quality check to exclude motion artifacts was carried out by 2 researchers independently using predefined criteria (see Appendix 1, available at cma.ca/jpn).
Surface extraction
Surface extraction was completed using FreeSurfer version 4.5.0. 29 The preprocessing was performed as described by Dale and colleagues 29 and was reported in detail for this sample in our previous study. 23 Cortical thickness values were computed using the methods developed by Fischl and Dale.
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Gyrification index
We obtained local gyrification indices (LGIs) using the method of Schaer and colleagues, 31 with images reconstructed through the Freesurfer pipeline. This method is a vertex-wise extension of Zilles and colleagues' gyrification index, which gives a ratio of the inner folded contour to the outer perimeter of the cortex. 22 Using the grey-white interface constructed via surface registration and cortical inflation using Freesurfer, a pial surface is first obtained by constructing a set of lines perpendicular to the grey-white interface. In the second step, an outer "hull" surface is generated by means of a morphological closing operation, which ensures that the local curvature at all points on the outer hull surface is less than the curvature of a 15-mm radius sphere (a radius chosen to ensure that the hull surface does not dip into the sulci).
This hull surface acts as the outer perimeter while the original pial surface provides the inner perimeter. Both inner and outer surfaces are tessellated with numerous vertices formed by the meeting points of triangles. For each vertex (j) on the outer surface, a spherical ROI is created with the vertex as the centre and a standard 25-mm radius. This sphere yields 2 area measures for each vertex. The outer measure (Area j O ) is the area of that part of the hull defined by the inter section of this sphere with the hull surface. To measure the corresponding pial surface area, the pial ROI for the given vertex on the outer hull surface is determined as follows. Initially all vertices within Area j O (on the hull surface) are identified. Next, the nearest pial vertex to each of these hull vertices is identified. These pial vertices define the outline of pial mesh, whose area is then calculated using the sum of areas of all included triangular tessellations (Area j P ). The ratio of the pial surface area to the outer surface area gives the local gyrification index for each vertex on the outer surface (Area j P :Area j O ). These outer surface values are redistributed to the pial surface using a weighted sum of all outer surface LGIs to which each pial vertex contributed during the prior computation. The weighting was inversely proportional to the distance of the hull vertex from the pial vertex. Thus the LGI for each vertex on the pial surface reflects the amount of cortex buried in its locality.
Statistical analysis
Whole-brain cortical maps Each vertex-wise LGI measurement of the participants' surface was mapped on a common spherical coordinate system (fsaverage) using a spherical transformation. Maps were smoothed using a 5 mm Gaussian kernel. We used a general linear model controlling for the effect of age and total cortical surface area to estimate differences in gyrification between the groups at each vertex of the right and left hemispheric surfaces. Total surface area was chosen as a covariate as it has a linear relationship with gyrification, 32 and we have previously noted a significant difference between patients and controls in total surface area. 24 This model allowed for the possibility that the slope for the relationship between LGI and total surface area may be different in different brain regions. 32 We used the Query Design Estimate Contrast tool in the Freesurfer program to generate the contrasts. We under took Monte Carlo permutation cluster analyses with 10 000 simulations to identify significant clusters with vertexwise group differences (cluster inclusion threshold p = 0.0001). To examine the effect of sex, we carried out the same analysis after excluding the 9 female participants. To produce a visual display of the group comparison (t maps), we used the reconstructed grey-white boundary of the fsaverage image, which allows anatomic landmarks to be illustrated clearly.
Cortical thickness
Using analyses of covariance (ANCOVA), the mean values of cortical thickness from each of the significant clusters obtained from the gyrification analysis were compared between the 2 groups. We used age, sex and global mean thickness as covariates. The significance levels of group comparison of mean thickness within clusters were Bonferroni-corrected to allow for the number of clusters examined. To relate LGI to cortical thickness within regions that showed abnormalities in both thickness and LGI, we computed the Pearson correlation between mean LGI and cortical thickness values after removing the variance owing to age, sex and appropriate global covariates for thickness (global mean thickness) and LGI (global mean LGI) in the entire sample. We then performed Fisher r-to-z transformation to compare the correlation in the 2 groups. Correlations were also sought between the thickness and gyrification measures and antipsychotic dose in chlorpromazine equivalents in the patient group.
Results
There were no significant differences in demographic features including age (t 1,96 = -1.32, p = 0.17) and parental socioeconomic status (Mann-Whitney U test, z = -1.46, p = 0.16) between the 2 groups ( Table 1 ). The mean total symptom score on the SSPI was 10.3 out of a maximum of 80 (range 0-29), indicating a low symptom burden. The mean score on reality distortion (delusions and hallucinations) in the patient group was 3 (range 0-7). The mean score on the psychomotor poverty dimension was 2.9 (range 0-9) and on the disorganization dimension was 0.74 (range 0-4).
Whole-brain cortical maps
Whole-brain analysis revealed 4 clusters in the left hemisphere and a single cluster in the right hemisphere with significant reduction in gyrification in patients compared with controls. The largest cluster included the left insula extending to the pars opercularis and the superior temporal gyrus.
Other clusters are shown in Figure 1 and Table 2 . The right hemispheric cluster included the junction between the caudal superior temporal and inferior parietal regions. No regions with increased gyrification in the patients were noted at this threshold, but bilateral frontomarginal hypergyria emerged when the statistical threshold was more lenient (Table 3 and Figure 2 ). The exclusion of the 9 female participants did not alter the results substantially.
Gyrification and thickness
The average reduction in gyrification within clusters ranged from 7.84% to 3.67% (Table 3 ). The greatest degree of hypo gyria was seen in the left insula. We observed significant cortical thinning only in the left insula (F 1,93 = 30.1, p = 0.007 × 10 −6 ) with a trend toward thinning in the right temporal cluster (F 1,93 = 6.06, corrected p = 0.08) in patients (Table 4 ). In the left insula, there was a significant correlation between gyrification and thickness for the whole sample (r = 0.22, p = 0.028, n = 98), with a significant difference between patients and controls in this relationship ( 
Asymmetry index
Given the prominent hypogyria noted in the left insular cluster, we undertook a post hoc analysis of hemispheric differences in gyrification and thickness. By drawing ROI labels guided by landmarks on the fsaverage surface, we generated the homologous mask on the right insula. To ensure comparability, we used the parcellation scheme by Destrieux and Clusters showing hypogyria in patients with schizophrenia compared with healthy controls displayed on a reconstructed average white matter surface (fsaverage). All displayed clusters survived multiple testing using Monte Carlo simulation with a cluster inclusion criterion of p = 0.0001. The left hemisphere (top) shows (1) the left insula extending to the inferior frontal gyrus and superior temporal gyrus, (2) the left caudal middle and superior frontal cluster, (3) the superior temporal/inferior parietal cluster and (4) the left parieto-occipital cluster extending to precuneus. The right hemisphere (bottom) shows (5) the right superior temporal/inferior parietal cluster. colleagues (Destrieux atlas) 33 and visually inspected the contiguous region included in the respective ROI labels from each hemisphere. This right insula mask was automatically mapped back onto the surface of each participant using the same spherical coordinate system used for the initial analysis. The right homologous insular cluster showed a 4.13% reduction in LGI patients with a trend toward statistical significance ( 
Sulcal and gyral thinning
Various observations suggest that in healthy controls, cerebral gyri are generally thicker than the sulci. 8, 34 Among many possible mechanisms that can produce such a difference, the variation in axonal tension during development is thought to be an important mechanism. 9 We separated the major sulci from the gyri within the hypogyric insular cluster by overlaying the cluster mask on the Destrieux atlas, 33 and we computed the mean thickness of 3 gyral (short insular gyrus, infer ior frontal opercular gyrus and superior temporal gyrus) and 3 sulcal regions (anterior, superior and inferior circular sulci) included in the mask. We did not include long insular gyri because, owing to its inconsistent appearance, the central sulcus of the insula and the long insular gyri were grouped in the same label in the parcellation scheme. An ANCOVA with diagnosis as a between-subject factor, and region (sulcal v. gyral) as a within-subject factor, with age, sex and global thickness as covariates revealed no significant interaction between diagnosis and the sulcogyral division (F 1,93 = 1.62, p = 0.21). Both sulcal (partial η = 0.16, p < 0.001) and gyral regions (partial η = 0.11, p = 0.001) showed significant thinning in patients with schizophrenia compared with controls.
Discussion
Using a surface-based vertex-wise morphometric approach, we observed a significant reduction in gyrification in patients with schizophrenia compared with healthy controls. The hypogyria was more pronounced in the left hemisphere, with the greatest reduction occurring in the left insula, extending onto the superior temporal gyrus and sulcus posteriorly and the Broca area anteriorly. These extensions of the insular cluster are larger than could be accounted for by the smoothing employed in our study, consistent with the concept that the frontoinsular cortex acts as a coordinated unit. 35, 36 To quantify gyrification, we used Schaer and colleagues ' LGI, which captures changes in both the frequency and the depth of sulcogyral transitions in the cortical surface. 31 Thus LGI reflects the biological process of cortical folding more closely than measuring either the sulcal depth 37 or frequency of curvature changes 38 independently. Nonetheless, our results are comparable to those obtained by Cachia and colleagues 37 using a sulcal-wise gyrification measure in a selected group of patients with persistent hallucinations. Though the defect was more pronounced on the left, consistent with many previous observations, 10, 37 we also found a trend toward hypogyria on the right insula along with a significant group difference in the hemispheric asymmetry. Patients with schizophrenia exhibited a reversal of the normal tendency for greater insula gyrification on the left.
Gyrification maps derived from the pial surface are different from cortical surface area maps 24 derived from the greywhite boundary. In a previous study, we investigated the surface area of 3 large-scale networks in patients with schizophrenia using the boundary between grey and white matter. 24 In contrast, the gyrification maps used in the present study contain information about distribution of cortical convolutions and resulting complexity based on the amount of grey matter buried in the neighbourhood of multiple vertices on the pial surface. The results from the study of surface area changes identified the most prominent reduction in the temporo parietal junction and precuneus in patients with schizophrenia, 24 while the present gyrification analysis implicates the insula as the site of most prominent hypogyria. The most striking similarity between the 2 studies is the predominance of left-sided changes in the cortical surface anatomy. LGI = local gyrification index (no units); SD = standard deviation. *Cluster-wise significance at p = 0.0001 (permutation test n = 10 000). †Bonferroni-corrected p < 0.0001, ‡p > 0.1 and §p < 0.1.
Insofar as the degree of folding across the different regions in the cortex varies with the rate of maturation of those regions, 7, 20, 39, 40 the gyrification metrics provide crucial information about neurodevelopmental aberrations.
The significant insular hypogyria might be partially explained using the tension-based morphogenetic theory, 9 which suggests that cortical folding is a result of radial tension during brain development, wherein established axonal networks resist radial while allowing tangential expansion. It is likely that insular connections with more medial grey matter preclude outward expansion of its grey matter, leading to sequestration of the insula within the lateral fissure during normal development. Some support for the existence of such a medial tract comes from studies on the interoceptive system in primates 41 and the olfactory system in other animals. 42 Given that insular folding is deficient in patients with schizophrenia, it is likely that connectivity of the insula to more medial regions of grey matter, possibly the cingulate cortex, is impaired in these patients. The connections between the 2 paralimbic structures, insula and anterior cingulate constitutes the salience network. 35 The insula has been implicated in the generation of a state of proximal salience during stimulus evaluation that enables switching between an internally focused default mode and an external task-processing mental state. 16 We did not find a differential change in the thickness of gyri and sulci, which would be expected if the insular hypogyria were solely due to fewer axonal connections creating less axonal tension. However, it is probable that developmental factors other than axonal tension account for folding. The principal mechanical effect of cortical folding has been noted to produce differential thickness changes in the superficial and deep layers of cortical laminae of the sulci and gyri, 8, 43 the examination of which requires a cytoarchitectural study. Our observation of combined gyral and sulcal thinning in the hypogyric insular cluster suggest that in addition to reduced connectivity, other mechanisms contributing to the development of the cortex may be affected in patients with schizophrenia. Goldman-Rakic and Rakic 44 examined the effect of the timing of prenatal cortical lesions on subsequent gyrification and suggested that neuronal migration, which eventually contributes to the thickness of the cortical sheet, predates gyrification. Investigating the gyrification of regions showing cortical thinning in adolescents with schizophrenia, Janssen and colleagues 45 found no correlation between gyrification and thickness in most regions and suggested that cortical thinning may be a late developmental phenomenon in patients with schizophrenia. Our results are largely consistent with those of Janssen and colleagues, 45 though we did observe a correlation between these 2 metrics in the left insula that was specific to patients. It is likely that in healthy controls the degree of gyrification is not the principal determinant of cortical thickness. On the contrary, the association of hypogyria with sulcogyral thinning in patients with schizophrenia may suggest a developmental disturbance that possibly predates the dissociation between radial and tangential cortical expansions during early phases of cortical development. 46 This is supported by the observation that the insula is one of the earliest brain structures to show gyrification and neuronal differentiation and thus forms a core zone of sulcal and gyral maturation during normal intrauterine growth. 47 Most of the other regions showing hypogyria in patients with schizophrenia (inferior frontal, superior temporal and inferior parietal regions) belong to the multimodal (heteromodal) association cortex described by Mesulam. 48 A pathological perturbation in the development of multimodal association areas has been previously suggested as the core deficit in patients with schizophrenia. 49 In healthy individuals, the regions constituting the multimodal association cortex show a prolonged maturational trajectory, attaining peak grey matter density at a later stage of development than unimodal sensory regions. 50 This slow maturation may be linked to the relatively higher degree of cortical folding normally observed in these regions. 51 An abnormally premature, delayed or arrested growth peak in these regions could putatively account for the reduced gyrification observed in patients with schizophrenia. But our observation that reduced gyrification is not limited to multimodal regions but rather extends to paralimbic cortices supports the hypothesis that a developmental abnormality in the connectivity within and between paralimbic and multimodal association areas is a characteristic feature of schizophrenia. Alternatively, the combined paralimbic and multimodal hypogyria could be related to a shared defect in fetal thalamocortical connectivity in patients with schizophrenia. 52 Despite the substantial sample size, the need for stringent correction for multiple comparisons in a whole-brain vertexwise search creates a risk of failing to identify cerebral regions in which there are relatively small abnormalities. It is noteworthy that in our previous study using an ROI approach to test the specific hypothesis of abnormal frontal gyrification in patients with schizophrenia, 23 we found that hypergyria was localized to a circumscribed part of the prefrontal cortex, and the normal laterality of the frontal gyrification was reversed in patients with schizophrenia. This effect did not survive the stringent correction for multiple comparisons in the present study, but bilateral frontomarginal hypergyria emerged when the statistical threshold was more lenient (Table 3) . According to the tension-based morphogenesis model, if the axonal tension is the primary determinant of gyrification, then a weakening of connectivity affecting specific pathways may result in relatively greater tension in other pathways leading to local hypergyria. 10 Despite the limited power to detect small effects, the findings indicate that the most extensive diminution of gyrification in patients with schizophrenia occurs in the multimodal association and paralimbic cortex, especially in the left frontoinsular region.
Limitations
Sex differences have been noted in some 14, 53 but not all 15, 37 studies investigating gyrification in patients with schizophrenia. Our sample was predominantly male, precluding a meaningful analysis of sex effects on gyrification in these patients. Hence the results presented here must be interpreted with caution for mixed samples. All patients in our study were taking antipsychotic medications. The effect of antipsychotics on brain structure is a matter of debate but, similar to Cachia and colleagues, 37 we found no correlation between gyrification and antipsychotic dose in the 6 weeks preceding the study. It is possible that earlier treatments could have affected the brain structure. Our results should be interpreted cautiously until replicated in unmedicated samples.
Conclusion
We identified a significant abnormality in cortical gyrification in patients with schizophrenia. The localization of these changes to the insula and regions of the multimodal association cortex and the observed relationship of insular hypogyria with reduced cortical thickness in patients suggest a prominent role for a developmental abnormality of connectivity of the insula and the multimodal cortex in the pathophysiology of schizophrenia. Future studies focusing on the interaction between the insula and the multimodal association regions are required to test the functional consequences of these gyrification defects.
